Background/Objectives: Skeletal muscle plays important role in the regulation of whole-body metabolism. In skeletal muscle, uptakes of glucose and fatty acid from circulation are facilitated by transmembrane substrate transporters GLUT4 and FAT/ CD36, respectively. The aim of this study was to determine the effect of dietary glycemic index (GI) on GLUT4 and FAT/CD36 gene expressions in human skeletal muscle after a single bout of exercise. Subjects/Methods: Eight male subjects completed a 60-min cycling exercise at 75% maximal oxygen consumption (VO 2 max ), and were immediately fed an isocaloric meal containing either high-GI (HGI) or low-GI (LGI) diets, with similar proportions of carbohydrate, fat and protein in a crossover design. Muscle samples from deep vastus lateralis were taken by needle biopsy immediately after exercise and 3 h after exercise. Results: After exercise, the HGI diet produced significantly greater glucose and insulin responses compared with the LGI diet, as indicated by the greater area under the curves. Both diets resulted in rapid reductions in plasma fatty acid and glycerol below fasting level. GLUT4 mRNA was downregulated by both HGI and LGI diets to a comparable extent, whereas GLUT4 protein levels were not changed during this short period. FAT/CD36 mRNA and protein levels were substantially decreased with the HGI diet below baseline, but not with the LGI diet. Conclusion: This study found a significant dietary GI effect on post-exercise FAT/CD36 gene expression in human skeletal muscle. This result implicates that the differences in dietary GI are sufficient to alter fat metabolism.
Introduction
Skeletal muscle is the major site of whole-body fat and carbohydrate utilization (Zurlo et al., 1990) and exhibits a remarkable plasticity in response to the changes in metabolic demand and substrate availability. Metabolic changes in this tissue could have a ramification to the whole-body metabolism. GLUT4 and FAT/CD36 are the two proteins responsible for the transport of circulating glucose and fatty acid across the plasma membrane in skeletal muscle. In humans, GLUT4 mRNA levels can be increased rapidly after a single bout of prolonged exercise (Kraniou et al., 2006) , and downregulated by a high-carbohydrate diet (Cheng et al., 2005) . In the rat skeletal muscle, post-exercise carbohydrate supplementation can induce a protracted GLUT4 protein increase for several hours, whereas GLUT4 mRNA transiently downregulates below baseline in 90 min (Kuo et al., 1999a) .
Intramuscular glucose availability and insulin signaling seem to control the fatty acid metabolism by regulating the fatty acid transporter FAT/CD36 gene expression (Civitarese et al., 2005) . The protein and mRNA levels for FAT/CD36 can be increased in skeletal muscle by streptozotocin injection (Luiken et al., 2002) , a treatment that impairs pancreatic insulin production and thus eliminates glucose uptake by skeletal muscle. Similarly, insulin resistance also elevates FAT/CD36 gene expression (Smith et al., 2007) .
Similar to GLUT4 protein, exercise training has been shown to increase FAT/CD36 protein levels (Tunstall et al., 2002) . Compared with a high-fat/low-carbohydrate diet, a high-carbohydrate/low-fat diet has been found to decrease FAT/CD36 protein after exercise (Arkinstall et al., 2004) . However, a high-fat diet can also influence FAT/CD36 gene expression in human skeletal muscle (Duplus et al., 2000; Cameron-Smith et al., 2003) . So far, little is known regarding whether different glycemic index (GI) values with similar proportions of carbohydrate, fat and protein can cause differential effect in the gene expression for FAT/CD36 and GLUT4 proteins. This study examined two isocaloric highcarbohydrate diets with similar proportions of carbohydrate, fat and protein, but different GI values for determining the post-exercise GLUT4 and FAT/CD36 gene expressions in human skeletal muscle. We have earlier found that alteration in GLUT4 mRNA level by carbohydrate diet occurs in 3 h (Cheng et al., 2005) . Thus, the human muscle sample was taken at baseline (fasting) and at 3 h after post-exercise diet supplementations for above measurements.
Materials and methods

Subjects
Vastus lateralis muscle biopsy samples were obtained from eight healthy male volunteers (age 22.5 ± 0.3 years, height 174.2±1.3 cm, weight 69.1±1.9 kg, body mass index (BMI) 22.7±0.5 kg/m 2 , maximal oxygen consumption (VO 2 ) max 49.7 ± 0.9 ml/min/kg). The Changhua Christian Hospital Ethics Committee approved this protocol. The nature, purpose and possible risks were explained to each subject before written consent was obtained. This work was conducted in accordance with the guidelines of the Declaration of Helsinki.
Exercise
The VO 2 max of all subjects was measured 2 days before exercise. On the day of the trial, the subjects reported to the laboratory at 0800 hours after an overnight fast. After a 5-min warm-up, the subjects performed a 60-min cycling exercise at 75% VO 2max . Drinking water was supplied ad libitum during and after the exercise. Muscle biopsy was performed under fasting (baseline) and fed conditions after exercise. For the fasting condition, food was not provided for 3 h after exercise. For the fed state, diets containing 70% carbohydrate with two different GIs were provided to the subjects after exercise. The crossover was separated by 1 week. Muscle biopsy samples were obtained immediately after the exercise and 3 h after the intake of diets for reverse transcription-PCR (RT-PCR) and western blotting analysis.
Diet
Immediately after the exercise, high-GI (HGI, ¼ 76.6) or low-GI (LGI ¼ 36.1) diets were given to the subjects, and they consumed it within 10 min after exercise. Post-exercise energy intake under the HGI and LGI conditions was 678.2 ± 18.7 kcal (carbohydrate 138.03 ± 0.8 g; protein 19.4 ± 0.5 g; and fat 5.4 ± 0.1 g) and 682.2 ± 18.8 kcal (carbohydrate 137.7±3.8 g; protein 18.5±0.5 g; and fat 6.4±0.2 g), respectively. The HGI diet content included corn flakes (60.2 g), skimmed milk (245 ml), white bread (80.5 g), jam (20.3 g), glucose water (126 ml) and water (560 ml). The LGI diet content included all bran (61.6 g), skimmed milk (329 ml), peaches (280 g), apples (210 g) and apple juice (164.5 ml).
Muscle tissue collection
Muscle biopsy was performed under local anesthesia (2% lidocaine without adrenaline). An incision of 10 mm length and depth was made in the skin and muscle fascia at about 20 cm above the knee using an aseptic technique. Vastus lateralis biopsies (about 50 mg) were performed using the percutaneous biopsy technique of Bergstrom (1962) . Samples were blotted dry and grossly dissected free of fat and connective tissue, frozen in liquid nitrogen and stored at À80 1C before RT-PCR and western blotting analysis.
Blood sample collection and analysis After exercise, a 20-G polyethylene catheter (Jelco, Tampa, FL, USA) was placed in an antecubital vein for blood sampling. Blood samples were taken before and during the post-exercise recovery after carbohydrate supplementation. The catheter was kept clean by flushing with small amounts of saline solution containing heparin (10 IU/ml) after each sample collection. For the fasting, HGI and LGI conditions, subjects remained sedentary for 3 h before the second muscle biopsy. During recovery, blood samples were collected every 30 min until 180 min into fluoride heparin and serum tubes. Serum was obtained after centrifuging at 4 1C for 15 min at 6000 r.p.m. and was stored at À70 1C before insulin analysis. Blood glucose was determined by an automated glucose analyzer (YSI Life Sciences, Yellow Springs, OH, USA). Blood glycerol was determined by a fluorometric method (Laurell and Tibbling, 1966) . Blood samples were also collected for non-esterified fatty acid (NEFA) analysis (Wako, Neuss, Germany) using an automatic photometric analyzer (Roche, Basel, Switzerland). Serum insulin levels were determined by using the radioimmunoassay method with a commercial kit (Baylor Diagnostics, Tarrytown, NY, USA) according to the manufacturer's instruction. Area under curves of glucose (GAUC) and insulin (IAUC) above the fasted value at baseline were calculated using the trapezoidal rule.
Reverse transcription-PCR
Total RNA from the vastus lateralis muscle samples was extracted using tri-reagent (Molecular Research Center, Cincinnati, OH, USA), and RT-PCR analyses were performed afterward. The quantitative RT-PCR was accomplished by using a recombinant RNA template as an internal standard for quantitating the mRNA expression. The recombinant RNA template for internal standard was generated by following a procedure described earlier (Vanden Heuvel et al., 1994) . Total RNA and internal standard recombinant RNA, 0.1-0.25 mg, were reverse-transcribed with M-MMLV reverse transcriptase (Gibco-BRL, Gaithersburg, MD, USA) in a final volume of 20 ml of the reaction buffer consisting of 25 mM Tris-HCl (pH 8.3), 50 mM (NH 4 ) 2 SO 4 , 0.3% b-mercaptoethanol, 0.1 mg/ml bovine serum albumin, 5 mM MgCl 2 , 1 mM of each deoxynucleotide triphosphate, 2.5 U of RNase inhibitor and 2.5 mM of oligo (dT)16 (Promega Corporation, Phoenix, AZ, USA). The reaction mixtures were incubated for 15 min at 45 1C, and the reactions were then stopped by heat denaturing at 99 1C for 5 min. For amplification reaction, the oligonucleotide primer sequences of both GLUT4 and hexokinase II genes were selected by using the computer software Primer Select (DNASTAR, Madison, WI, USA) and were synthesized by MDBio (Taipei, Taiwan, ROC). The primer sequences used for the GLUT4 gene were 5 0 -GGGGCCCTACGTCTTCCTTCT-3 0 (forward) and 5 0 -CAC GGCCAAACCACAACACAT-3 0 (reverse), and those for FAT/ CD36 were 5 0 -CTCTTTCCTGCAGCCCAATG-3 0 (forward) and 5 0 -TCGCAGTGACTTTCCCAATA-3 0 (reverse). A PCR master mix containing 4 mM MgCl 2 , 2.5 U of Taq polymerase and 6 pmol forward and reverse primers was added to the newly synthesized complementary DNA samples to a total volume of 50 ml. The reaction mixtures for PCR amplification were heated to 94 1C for 3 min, followed by a reannealing step at 55 1C. The elongation step was performed at 72 1C for 60 s. The denaturing-annealing-elongation cycle was repeated 32 times. A 5-min elongation step at 72 1C was carried out after the last cycle. The amplified PCR products of the internal standard and target mRNA were then separated by 2.5% NuSieve/agarose (3:1 w/w) gel electrophoresis and visualized by ethidium bromide staining. Gels were then photographed and quantified by densitometric analysis with a zero-Dscan (Scanalytics, FairFax, VA, USA).
Western blotting
Muscles were homogenized in 20 mM ice-cold 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1 mM ethylenediaminetetraacetic acid and 250 mM sucrose buffer (pH 7.4) with a polytron (Brinkmann Instruments, Westbury, NY, USA). The protein contents in each sample were quantified by Lowry assay. Equal amounts of proteins were denatured and separated on 7.5% sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and then transferred to poly (vinylidene difluoride) membranes (New Life Science Product, Inc., Boston, MA, USA). Nonspecific binding sites on the membranes were blocked with 5% nonfat dry milk in a buffer containing 10 mM Tris-HCl and 100 mM NaCl, pH 7.5, and kept at 4 1C overnight. The blots were then incubated sequentially with GLUT4 (1:250, Chemicon, Billerica, CA, USA) or FAT/CD3 (1:5000, Santa Cruz, Santa Cruz, CA, USA) primary antibodies and horseradish peroxidase-conjugated antibodies (1:5000, Perkin-Elmer, Boston, MA, USA). Antigen-antibody complexes were visualized, detected and quantified using the ECL western blot detection kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA), luminescent image analyzer (Fujifilm, Japan) and zero-Dscan densitometric (Scanalytics, Inc., FairFax, VA, USA) respectively.
Statistical analysis
The mean difference of all measures was compared using two-way analysis of variance with repeated measure. Tukey's post hoc test, which assumes the value of a type I error to be 0.05 for each test, was used to distinguish significant differences between pairs of dietary conditions. Data are presented as mean ± s.d. Power estimation was done to determine the sample size. A minimum of six subjects was required to attain 80% power. We had eight subjects in this study and thus met the sample size necessary to detect statistical differences.
Results
Subjects performed a 60-min cycling at 75% VO 2max , and recovered under fasting, LGI and HGI conditions, respectively. During recovery, blood samples were collected every 30 min until 3 h to monitor glucose disposal. Figure 1 shows the results of plasma glucose (a) and insulin (b) levels after diet. Both plasma glucose and insulin concentrations peaked at 30 min after diet and subsequently declined until 3 h. Plasma glucose and insulin concentrations under the HGI diet were significantly greater than those under the fasting and LGI diet (Po0.05). Although the carbohydrate content was similar between HGI and LGI diets, the HGI supplementation produced significantly greater glucose and insulin responses (AUC of glucose, 2091 ± 74; AUC of insulin, 4236 ± 46) compared with the LGI supplementation (AUC of glucose, 1175±48; AUC of insulin, 1387±23) over the 3-h recovery period. Figure 2 shows the results of plasma NEFA (a) and glycerol (b) levels after the diets. Both plasma NEFA and glycerol concentrations decreased immediately with the post-exercise high-carbohydrate diets. NEFA and glycerol concentrations in fasting condition were higher than the corresponding values in HGI and LGI conditions (Po0.05). No significant difference in the NEFA and glycerol concentrations was found between HGI and LGI diets. Figure 3 shows the levels of skeletal muscle GLUT4 mRNA. In post-exercise fasting condition, no significant change in GLUT4 mRNA levels was observed. GLUT4 mRNA levels with HGI and LGI diets after exercise were reduced by 54 and 51%, respectively, compared with the fasting condition after 3-h recovery (Po0.05). No significant difference was found between LGI and HGI diets. GLUT4 protein levels among fasting, LGI and HGI conditions were not significantly different (Figure 4) .
The levels of muscle FAT/CD36 mRNA and protein are shown in Figures 5 and 6 respectively. Both FAT/CD36 mRNA and protein levels were not different between fasting and LGI diet. The HGI diet significantly decreased both FAT/ CD36 mRNA and protein levels below baseline (Po0.05).
Discussion
Exercise training is known to increase FAT/CD36 gene expression in the human skeletal muscle (Tunstall et al., 2002) . Recently, Arkinstall et al. (2004) have reported a lower FAT/CD36 protein abundance 48 h after post-exercise highcarbohydrate/low-fat diet compared with isocaloric high-fat/ low-carbohydrate diet. In this study, we first report that postexercise high-carbohydrate supplementation with HGI diet significantly downregulated FAT/CD36 mRNA and protein levels, whereas high-carbohydrate LGI diet with the same proportions of carbohydrate, fat and protein did not cause a similar effect. In addition, this response occurred within only 3 h after post-exercise diet. The finding of this study advances the knowledge that dietary GI is an independent factor influencing expression of the gene controlling fatty acid transport in the exercised human skeletal muscle.
The effect of post-exercise dietary GI on GLUT4 gene expression was not quite similar to that on FAT/CD36. Postexercise high-carbohydrate supplementation is known to decrease GLUT4 mRNA in the exercised human skeletal muscle (Cheng et al., 2005; Cluberton et al., 2005) . This study further shows that both LGI and HGI diets decreased muscle GLUT4 mRNA to a similar extent. Unlike FAT/CD36, GLUT4 protein level was not significantly altered by both diets. Downregulation in GLUT4 mRNA did not always paralleled with its protein level (Cheng et al., 2005) . In a rat study, elevated GLUT4 protein synthesis (greater association of GLUT4 mRNA with polysomes) was found to sustain for hours (Kuo et al., 1999a, b; Arkinstall et al., 2004) . This indicates that GLUT4 mRNA downregulation was probably due, in a large part, to a degradation of those GLUT4 mRNAs that were not bound with polysomes. When carbohydrate is w Significance difference against immediately after exercise (Po0.05).
available, those polysome-associated GLUT4 mRNAs could be physically protected from intracellular degradation machinery and retained in order to be reutilized in translational cycle during the recovery period. In this study, GLUT4 protein level in human skeletal muscle was not altered by both LGI and HGI diets, suggesting that the increases in GLUT4 protein by post-exercise high-carbohydrate diets may take longer in humans than in rats (Kuo et al., 1999a) .
FAT/CD36 is normally expressed in the tissues with high fatty acid demands (Bonen et al., 1998) . Therefore it has been suggested that dietary fat may have a role in modulating the gene critically involved in fatty acid metabolism in skeletal muscle (Jump and Clarke, 1999; Duplus et al., 2000) . This is based on the evidence of comparing consumptions of highfat/low-carbohydrate diet and high-carbohydrate/low-fat diet (Cameron-Smith et al., 2003) . However, such experimental design has the limitation of underestimating the influence of reducing amount of another dietary component. By controlling the proportions of carbohydrate, fat and protein, we confirmed that the carbohydrate component of the diet has an important role in the regulation of FAT/CD36 gene expression, independent of fat content.
During the 3-h post-exercise recovery period, circulating glucose and insulin levels with HGI diet were greater than those with LGI diets. The dietary GI effect on muscle FAT/ CD36 expression could be due to variations in insulin secretion and intramuscular glucose availability. Increased FAT/CD36 expression in rat skeletal muscle can be produced by elimination of pancreatic insulin production and insulin resistance (Luiken et al., 2002; Smith et al., 2007) . Although evidence in skeletal muscle is still lacking, treatment of macrophages with a phosphatidylinositol-3 kinase inhibitor and insulin receptor knockout can result in increased FAT/ CD36 expression (Liang et al., 2004) . This suggests that the magnitude of activation in insulin signaling pathway may be associated with regulation of the post-exercise FAT/CD36 expression.
Post-exercise free-fatty acid (FFA) availability to the skeletal muscle cannot explain the difference in FAT/CD36 gene expression between the two GI diets. Reductions in NEFA and glycerol to baseline occurred within only 30 min after exercise. Furthermore, variation in GI content in the high-carbohydrate diets did not create difference in the magnitudes of NEFA and glycerol reductions. It is generally known that plasma FFA concentrations can be reduced by relatively small increments in insulin concentration (Reaven, 1988) . As the FFA oxidation rate decreases in parallel with a sharp fall in the plasma FFA concentration after high-carbohydrate diets (Groop et al., 1991) , reductions in NEFA and glycerol levels by both HGI and LGI diets are most likely due to the increased FFA uptake by diets. Therefore, fatty acid uptake in skeletal muscle is less likely to explain the different outcomes in FAT/CD36 gene expression between HGI and LGI diets.
The rapid reduction in FAT/CD36 protein level suggests that FAT/CD36 protein stability may be reduced by the HGI diet. Although, in many cases, regulation of protein level is proportional to the mRNA level for a single gene, regulation of the protein amount through transient degradation to maintain a quick metabolic homeostasis has been reported earlier in other intracellular proteins, such as hypoxiainducible factor-1-a (Salceda and Caro, 1997) . Further analysis in this aspect could be valuable as this protein has a major role in the whole-body energy metabolism and has been implicated for several metabolic syndromes.
Alteration in FAT/CD36 gene expression reflects the demand for the gene product on fatty acid uptake in the exercised skeletal muscle. Transcription factors involved in the regulation of FAT/CD36 gene expression could have a role in the quick response to post-exercise HGI diets. A recent study suggests that the transcription factor CCAAT/enhancer-binding proteins (C/EBP) family may participate in the regulation of FAT/CD36 gene expression, because (1) overexpression of C/EBP-a or C/EBP-b increases FAT/CD36 mRNA and protein levels in several types of cells and (2) restoration of C/EBP-a or C/EBP-b expression in C/EBP-a-deficient or C/EBP-b-deficient mouse embryonic fibroblasts increases FAT/CD36 expression (Qiao et al., 2008) . In skeletal muscle, whether C/EBPs are responsible for FAT/CD36 gene transcription in response to dietary GI requires further examination.
Owing to the limited amount of biopsy tissue, this study evaluated only two genes in response to the diets after exercise. However, we must note that after the substrates enter the muscle cell, a number of proteins are responsible for substrate disposal. These genes include hexokinase, glycogenin and pyruvate dehydrogenase kinase-4 (Hildebrandt et al., 2003; Arkinstall et al., 2004; Shearer et al., 2005; Wilson et al., 2007) . At the molecular level, these adaptations alter the efficiency of glucose utilization. Similarly, there are many check points in the assimilation of lipids as intramuscular triglyceride or fatty acid oxidation, such as plasma membrane-associated fatty acid binding protein, fatty acid transport proteins, hormone-sensitive lipase, mitochondria fatty acid transporters (CPT I), acyl-coenzyme A binding protein and substrate-level oxidative enzyme b-hydroxyacylCoA dehydrogenase (Franch et al., 2002; Tunstall et al., 2002; Arkinstall et al., 2004) . A wider scale of analysis on those genes would be required in the future to maximize the insight into the acute effects of GI on regulation of substrate metabolism.
This study shows that regulation of FAT/CD36 protein level is sensitive to the GI content of a high-carbohydrate diet after exercise. The physiological significance of this change is less clear. FAT/CD36 protein, as a FFA transporter, has an important role in the intracellular triglyceride storage in skeletal muscle. Its expression is generally enhanced when skeletal muscle fails to store glycogen efficiently under insulin-stimulated conditions (Luiken et al., 2002; Smith et al., 2007) . Here, we showed that the expression of this protein could be rapidly turned off within 3 h on an HGI diet. This result implicates that carbohydrate is the preferred fuel to be stored in skeletal muscle, rather than fat. Skeletal muscle is the tissue that frequently encounters acute physical challenge; therefore, storage of anaerobic substrate has greater functional advantage when compared with fat. In addition, both intramuscular triglyceride and glycogen are consumed during moderate intensity of exercise. Thus, it would be valuable to determine in the future the differential effect of GI on the amount of glycogen and triglyceride storages during exercise recovery in relation to endurance performance.
Conclusion
FAT/CD36 is a membrane-embedded protein responsible for fatty acid transport across the plasma membrane in a variety of tissues. This study provides the first evidence regarding the dietary GI effect on the expression of the gene governing fatty acid metabolism in human skeletal muscle. Our result suggests that the differences in dietary GI are sufficient to influence fat metabolism.
